Introduction
Chlorfenvinphos (CFVP) is the trans or b isomer of 2-chloro-1-(2,4-dichlorophenyl) vinyl diethyl phosphate. According to its material data sheet, CFVP is an odorless and colorless fluid when pure and an amber-colored liquid with a mild odor as the technical grade (1) (2) (3) (4) (5) . A typical example of the technical product contained 83.8% trans isomer, 9.7% cis isomer, and 6.5% related compounds. CFVP is soluble sparingly in water but is miscible with acetone, ethanol, kerosene, propylene glycol, and xylene. When stored in glass-or polyethylenelined containers, CFVP is stable but is hydrolyzed slowly by water. CFVP half-life at 388C is more than 400 h at pH 9.1 and more than 700 h at pH 1.1 (3, 6, 7) .
CFVP was introduced in 1963 by Shell Development Company as an insecticide for potatoes, rice, maize, and sugar cane and to control soil insects and nematodes (1, 4, 5, 8) . It is available as a 24% emulsifiable concentrate, mainly isomeric trimethylbenzenes (TMBs) with 4.5% w/v emulsifiers, 25% wettable powder, 10% granules, 5% dustable powder, or as a seed treatment (3, 9) . In Spain, CFVP is available in agriculture as a 2 -25% solution with xylene or a mixture of aromatics hydrocarbons. CFVP is also used as a miticide for veterinary use to control ticks, flies, lice, and mites on cattle; blowfly, lice, ked, and itchmite on sheep; and fleas and mites on dogs. Supona w is a veterinary parasiticide available in Spain, which contains 200 mg/mL of CFVP in three types of containers: 15 mL, 250 mL, and 1 L. The product should be diluted 10 mL in 10-15 L of water to be sprayed over the animal (10) .
CFVP is a systemic acting cholinesterase-inhibiting organophosphate insecticide (OP) with a very favorable insectmammal toxicity ratio. Because of their wide usage and high toxicity, there are many cases of fatal poisoning due to accidental, suicidal, or even homicidal exposures to OP, especially in developing countries (11, 12) . Furthermore, as part of the National Institutes of Health (NIH) Countermeasures Against Chemical Threats Program, the NIH has designated six OP pesticides as "threat agents" against civilian populations including CFVP (13) .
An extensive literature review was performed by systematically searching PubMed (last accessed 8 March 2011) and screening bibliographies of identified articles for additional relevant studies. The search yielded few results regarding the toxic effects of CFVP on humans, and no reference contained analytical data (14 -18) . However, according to the Spanish Poison Control Center database, human poisoning caused by CFVP was reported in 211 occasions from 1995 to 2010. In the majority of the cases, the exposure to the OP was accidental either by oral route (54%) or respiratory (33%), and only 11.4% cases were suicidal. The main product involved was Supona (93.4%).
In this article, the tissue distribution of CFVP and TMBs was determined simultaneously in two forensic cases of massive ingestion of a veterinary formulation using the combination of gas chromatography with flame-ionization detection (GC-FID) for screening analysis and quantitation and gas chromatography-mass spectrometry (GC-MS) for confirmation of the obtained results, following a toxicological screening procedure used routinely in our laboratory. The analytical method was described and validated.
Case Histories
Case 1 A 24-year-old woman (170 cm in height and 60 kg in weight) was found dead by her mother in a supine position on the bed of her bedroom. According to the police records, the room was filled with an odor of solvents or pesticides and feces. There was an empty bottle of Supona (250-mL bottle) near the body. The label on the bottle showed that it contained 200 mg/mL of CFVP. According to the mother, the product was bought by the decedent's father for ticks on the dog. There was a suicide note left on a Bible on a nearby table. Her history was significant for major depression, drug abuse, and previous suicidal attempts with therapeutic drugs. She was attending a psychotherapy group and had been prescribed antidepressants.
Relevant postmortem findings were that the lungs appeared congested and edematous. The rest of the organs were unremarkable. There was no skull fracture, nor any epidural, subdural, or subarachnoid hemorrhage. Samples of heart blood, liver, and stomach contents, which consisted of 700 mL of a greenish liquid with strong smell of solvents, were collected during autopsy and sent for analysis to our laboratory for a comprehensive toxicological screening. The empty container of Supona was analyzed by the Spanish Police (Unidad de Policı´a Cientı´fica, Guardia Civil), who verbally informed our laboratory that CFVP was detected.
Case 2
A 60-year-old man committed suicide by ingesting an unknown product. He had a depressive character and had expressed death wishes to a friend the two previous days. He was found in lateral decubitus position in his van by his daughter. The vehicle was locked and had an odor that resembled an acid, sulfate, or solvent according to different witnesses. There was a suicide note as well as multiple bottles and empty containers containing brake fluid, oil, and other automobile products nearby.
The autopsy was performed 12 h after death. The deceased was 160 cm tall and weighed 55 kg. The gross examination of the body revealed no evidence of external injuries or signs of violence. External examination showed intense rigidity and red fixed lividities in lower limbs. He had residues of blood in his nose, white foam in mouth, and remains of feces on both legs. The stomach was filled with abundant pale greenish fluid with a similar odor to that presented in the vehicle. The mucosa of the stomach and small intestine had small areas of ecchymosis. Other remarkable internal findings were congestion of the lungs with signs of anthracosis and hemorraghic pancreas.
Heart blood (vena cava), urine, vitreous humor, liver, bile, and stomach contents, which consisted of 950 mL of a greenish liquid that smelled strongly of solvent, were collected during autopsy and sent for analysis to our laboratory for a comprehensive toxicological screening.
Experimental

Toxicological examination
A full toxicological analysis was performed on each deceased heart blood and urine sample (when available). Blood and urine were also examined for ethanol and other common volatiles (methanol, acetone, and isopropanol) using headspace gas chromatography with flame-ionization detection (HS-GC -FID). Blood and urine from each were screened by immunoassay for propoxyphene, cocaine and benzoylecgonine, methadone, opiates, cannabinoids, benzodiazepines, amphetamine (and related compounds), barbiturates, and tricyclic antidepressants on a Hitachi 902 Automatic Analyzer (Tokyo, Japan) using Cedia w reagents (Microgenics, Fremont, CA). Then, the blood and urine samples were extracted with Bond-Elut Certify columns (Varian Sample Preparation Products, Harbor City, CA), collecting together the acidic-neutral and basic eluates. The sample extracts were analyzed by GC with nitrogenphosphorus detection (NPD) and by GC-mass-selective detection (MS) for screening/confirmation analysis. Then, an additional high-performance liquid chromatography coupled to diode-array detection (HPLC -DAD) analysis was used to complete the toxicological screening. All these procedures were performed following a routine analytical method described in our previous work (19) . Finally, all the autopsy samples were analyzed simultaneously for pesticides and petroleum distillates/hydrocarbons by means of GC -FID for screening, and quantitation and confirmation were performed using GC -MS following our previously described method (20) .
Quantitation of chlorfenvinphos and trimethylbenzenes (as mixture of three isomers)
Chemicals and reagents Sodium sulfate, diethyl ether, and methanol of analytical grade were obtained from Scharlau (Barcelona, Spain). CFVP and TMBs [1,2,3-trimethylbenzene (hemimellitene); 1,2,4-trimethylbenzene ( pseudocumene); and 1,3,5-trimethyl benzene (mesytilene)] standards were all purchased from Dr. Ehrenstorfer GmbH, (Ausburg, Germany). n-Octylbenzene (internal standard, IS) was purchased from Fluka-Sigma Aldrich (Buch, Switzerland). Stock solutions (1 mg/mL) were prepared by dissolving the appropriate amount of each substance in methanol. These stock solutions were stored in amber glass tubes and maintained at -258C until used to prepare blood calibration standards by spiking the appropriate amounts of each one into negative blood samples obtained from non-intoxicated individuals and provided by Centro de Transfusiones de la Comunidad de Madrid (Madrid, Spain).
Sample preparation
Specimens collected at autopsy were frozen until analysis. All biological samples, including blank, controls, and calibrators, each attempered at 48C, were processed according to a one-step liquid -liquid extraction procedure described here. Solid tissues were homogenized using an electric mixer blender model Ultraturrax w T-25 manufactured by IKA w Labortechnik (Staufen, Germany). Specimens in which the amount of analyte exceeded the linear range of the assay were diluted with deionized water prior to extraction to bring their concentrations within the calibration range. In the present cases, 1 g of liver homogenate was diluted 1:10 for case 1 and 1:100 for case 2. Stomach contents (liquids) were previously sonicated for 3 min and then diluted, 1:100 for case 1 and 1:10,000 for case 2. Then the diluted tissues were sonicated for 3 min and chilled at 48C prior to extraction. In accordance with our experience in these cases of massive ingestion of chemicals (samples with strong odor), dilutions of at least 1:10 and/or 1:100 for solid tissues and at least 1:100 and/or 1:1000 for stomach contents (liquids) are highly recommended before beginning the screening analysis. A 3-mL aliquot of each liquid sample (or 3 g of each solid tissue) was transferred to a 10-mL screw-capped glass tube; combined with 100 mL IS solution (n-octylbenzene methanolic solution of 100 mg/L), 1 mL of diethyl ether (cold at 48C), and 15 mg of anhydrous sodium sulfate; vortex mixed for 3 min; and centrifuged at 4400 rpm for 15 min (at 48C). Then the organic layer was collected and transferred to an interlock vial with fused glass insert (size: 300 mL), and 3 mL was injected first for GC -FID screening analysis and quantitation, and then for GC -MS for confirmation of the obtained results. Room temperature for all analytical procedures, including chromatographic analysis, must be maintained below 188C.
Instrumental analysis GC -FID analysis was performed with an HP 6890 series equipment fitted with a 25-m (0.20-mm i.d., 0.11-mm film thickness) Ultra-1 HP cross-linked methylsilicone column (Agilent, Avondale, PA). Helium (Air Liquid, Madrid, Spain) carrier gas was delivered at a column head pressure of 22 psi, split ratio was 1:24, injector temperature was 2808C, oven temperature began at 408C for 3 min, increased at 108C/min to 2808C, and detector temperature was 3008C. Post run conditions: 3008C for 5 min. The detector gases were hydrogen and air (Air Liquid), delivered at a flow rates of 40 and 400 mL/min, respectively. A GC-MS analysis was performed with an Agilent 5973 mass-selective detector from Agilent Technologies for specific peak confirmation. The GC conditions were as described, and the column was a 30-m (0.25-mm i.d., 0.25-mm film thickness) UI-HP-5 cross linked 5% phenyl-methyl silicone capillary column from Agilent Technologies. The MS was operated in the total ion chromatogram (TIC) mode (m/z 35-650), electron impact (EI) ionization energy was 70 eV, and transfer line and ion-source temperatures were both maintained at 2808C. An identification table of pesticides and hydrocarbons that are usually present in pesticide formulations, sorted by their GC retention time and mass spectra under the described chromatographic conditions, is provided in our previously published work (20) .
Both chromatographic systems, GC-FID and GC -MS mode TIC, were checked in each batch using a mixture of hydrocarbons and related compounds previously detailed in our previously published work (21) .
Calibration curve for chlorfenvinphos and trimethylbenzenes (mixture of three isomers) Quantitative analysis was undertaken by GC -FID using blood calibration curves prepared with six sample concentrations ranging from LOQ to 15 mg/L in two replicates. The CVPF concentrations in the blood calibrators were 0.3, 0.5, 1, 5, 10, and 15 mg/L. The TMBs (mixture of three isomers: 1,2,3-trimethyl benzene; 1,2,4-trimethylbenzene; and 1,3,5-trimethylbenzene) concentrations in the blood calibrators were 0.1, 0.5, 1, 5, 10, and 15 mg/L. The calibrators were prepared by adding the appropriate amounts of analites to aliquots of human whole blood and n-octylbenzene as IS and they were extracted as previously described. The peak area of the trans-CVPF isomer, present in the blood calibrators, was used for all CVPF calculations. The sum of peak areas of these three TMBs isomers, that were present in the blood calibrators, was used for all TMBs calculations (expressed as mixture of three isomers). Calibration curves for CFVP were obtained by plotting the peak-area ratios (y) of trans-CVPF to n-octylbenzene as IS versus trans-CVPF concentrations (x). In parallel, calibration curves for TMBs (mixture of three isomers) calculations were obtained by plotting the peak-area ratios (y) of TMBs (mixture of three isomers) to n-octylbenzene as IS versus TMBs (mixture of three isomers) concentrations (x). The calibration curves were generated in both cases from least-squares linear regression. Additionally, in the batch, extracted CVPF plus TMBs (mixture of three isomers) spiked blood samples (1 and 5 mg/L) prepared from a different stock solution of analytes, were assayed as controls. The simultaneous toxicological screening and quantitation of CFVP and all TMBs were performed by means of GC -FID and confirmation was performed using GC-MS.
Method validation
The limits of detection (LOD) and quantitation (LOQ) of the method were determined as the lowest concentration giving a response of 3 and 10 times, respectively, the average of the baseline noise defined from 5 unfortified blood samples.
The detector linearity studies (r) were performed by preparing six duplicate blood calibration samples covering the range between LOQs and 15 mg /L.
The extraction recovery and intraassay precision of the method were assessed at two concentration levels (1 and 5 mg/L) by the extraction and analysis on the same day of five spiked blood samples for each level; they were extracted as previously described.
Results and Discussion
We present two cases of acute CFVP poisoning due to suicidal massive ingestions of pesticide formulations. Toxicological investigations and examination of the scene of death are critical to identifying OPs as the cause of death because anatomic autopsy findings will be typically nonspecific as shown in our cases. Furthermore, the determination of pseudocholinesterase activity in forensic cases can be difficult due to the acidity of postmortem blood (22) and because sodium fluoride added as a preservative is known to be a deactivator of cholinesterase. According to our experience, a strong odor of a petroleumbased product in the stomach or in the containers close to the corpse is usually the only characteristic feature. However, the odor of the formulations can be confusing if we attend to the perceptions of different witnesses as described herein.
The most common request received in the forensic toxicology laboratory relates to drugs of abuse, over-the-counter medications, and prescription medications, and therefore, most efforts and facilities focus on their analysis. As a result, little quantitative toxicological data have been found in the literature of postmortem data on OP insecticides (23 -28) . Nevertheless, autopsy cases are valuable source materials for determining the tissue distribution of pesticides in humans. Such data are very useful not only for toxicokinetic studies but also for determining the specimens of choice for postmortem toxicological analysis.
Our analytical method allows the simultaneous determination of a wide variety of pesticides and additives, including petroleum distillates, which is crucial to solving poisoning cases in which the source of the product is uncertain (20) . The analysis of the ethereal extracts obtained from the forensic cases revealed the presence of CFVP and an isomeric mixture of TMBs. The isomeric mixture of TMBs, in order of elution, was composed by n-propylbenzene; 3-ethyltoluene; 4-ethyltoluene;
1,3,5-trimethylbenzene; 2-ethyltoluene; 1,2,4-trimethylbenzene; and 1,2,3-trimethylbenzene as main components. An identification table with chromatographic times and mass spectra ions obtained under the described chromatographic and MS conditions and other characteristic physicochemical properties of the analytes involved in the two forensic cases is provided in Table I .
All chemicals involved in these cases were detected simultaneously in the same run using GC -FID and confirmed using GC -MS in TIC mode. Quantitation of CFVP and the isomeric mixture of TMBs were carried out using GC-FID. These quantitations were performed using whole blood calibration curves in the range of 0.3-15 mg/L for CFVP and 0.1 -15 mg/L for TMBs (the calibrators were a mixture of three isomers). Representative GC-FID chromatograms of blank blood, heart blood, and stomach contents (dilution 1:10,000) obtained from the forensic case 2 are shown in Figure 1 . GC -MS mass spectra of the analytes eluting at 7.24 min ( peak No. 6) and 21.36 min ( peak No. 11) detected in the heart blood of the forensic case 2 with chemical structures are also shown in Figure 2 .
Toxicological findings are presented in Table II . Regarding alcohol and other volatiles and abused and therapeutic drugs screens, the results were negative for all of them. The peak areas of all the TMBs present in each biological sample were summed for accomplish TMBs calculations and expressed as TMBs mixture of three isomers.
Analytical validation data of each chemical are listed in Table III. The method is precise, sensitive, and reliable for the studied analytes. Good linearity and excellent recoveries were obtained. The LOD for CFVP was 0.1 mg/L, and for TMBs, it was 0.03 mg/L (in both cases signal-to-noise ratio ¼ 3). The sensitivity of this method is enough to accomplish the toxicological investigation of forensic and clinical cases of massive ingestions of these organic chemicals. The method is used routinely in our laboratory and allows a comprehensive toxicological screening for pesticides and other petroleum distillates, and as far as we know, it is the only method published in the literature to accomplish in the same run the simultaneous investigation of these two types of toxins (20) .
We found 8.6 and 4.4 mg/L of CFVP in heart blood in cases 1 and 2, respectively. Although in cases of acute intoxication a certain correlation could be found between the concentrations and the degree of intoxication (27) , lethal OP concentration varied widely. For instance, postmortem blood concentrations of parathion, a highly toxic OP, ranged from 0.21 to 34 mg/L (29) , and the values reported in the literature for fatalities with malathion range from 0 to 517 mg/L (24, 25, 30, 31) . Similar findings can be found with diazinon and chlorpyrifos, for which lethal blood concentrations were 0.24 -277 mg/L and 0.21-2.05 mg/L, respectively (29) . One factor to be considered to explain these differences in our and other cases is postmortem diffusion from the insecticide remaining in the stomach (28, 32) . In our case, the high concentrations for CFVP and TMBs found in liver may have been partly due to postmortem diffusion from the stomach. Marques et al. (27) have shown a certain recirculation of the substance from the gastrointestinal tract or a slow release of the product from adipose reservoirs. A low concentration in blood may indicate a prolonged agonal period before death; in these cases, higher concentrations of the OP and its metabolites are detected in the liver (33) . Finally, OP in the blood and tissues at the time of death might have been degraded completely before * Abbreviations: BP, boiling point (8C); MW, molecular weight; ART, absolute retention time (min); and RRT, relative retention time to n-octylbenzene (IS). † These chemical products are cited here because of the interest in their chromatographic peaks as referents in this methodology. Figure 1 . Representative GC-FID chromatograms of the forensic case 2: blank blood (A), heart blood (B), and stomach contents (dilution (1:10,000) (C). Peak identification: 1 -7, trimethylbenzene isomers; 8, n-octylbenzene (IS); 9, ionol (diethyl ether stabilizer); 10, cis-chlorfenvinphos; 11, trans-chlorfenvinphos; and 12, fatty acids.
toxicological analysis (34) . OP decomposed faster at higher temperatures in blood. Organophosphorothioates are hydrolyzed chemically in aqueous solutions such as blood. Dichlorvos is rapidly hydrolyzed by liver and serum esterases, reducing the concentration shortly after death (32) . In addition, sodium fluoride accelerates the chemical degradation of OP, although it is frequently used as a preservative for biological fluids because it inhibits esterase (35) . In our case, only the blood samples used for analysis of ethanol and other common volatiles and therapeutic and abuse drugs were preserved with fluoride. The samples to be tested for pesticides and petroleum distillates were frozen without preservatives until analysis and then attempered at 48C immediately to accomplish the extractions. The extremely high concentrations for CFVP and TMBs obtained in stomach contents suggest massive ingestions in both cases, a total of 792.4 and 72,359 mg of CFVP, respectively. One important feature of the toxicology of CFVP is the pronounce difference in acute oral toxicity shown by different animals (LD 50 . 5000 mg/kg in dogs, 65-117 mg/kg in mice, and 10 mg/kg in rats) (36) . The differences can be due to variability in rates of absorption, translocation, metabolism, and enzyme interaction (37) . The major detoxification pathway is de-ethylation, and the large variability in the toxic dose of CFVP between animal species correlates with de-ethylation ability (38) . Besides, the rate of recovery of the plasma enzyme in humans subjected to low dosage levels of CFVP is much faster than that predicted from animal experiments. The small concentration of CFVP obtained in vitreous humor indicates that highly lipophilic substances do not concentrate here (35, 39 -43) .
The major metabolites in the rat are 2-chloro-1-(2,4-dichlorophenyl)vinylethyl hydrogen phosphate and 1-(2,4-dichlorophenyl)ethyl-b-D-glucuronic acid, with 2,4-dichloromandelic acid and 2,4-dichlorophenylethanediol glucuronide being formed to a lesser extent. In humans, the pattern of metabolites was chromatographically similar, and the identities of two of them were Figure 2 . GC-MS mass spectra of the analytes eluting at 7.24 min ( peak no. 6, Figure 1 ) and 21.36 min ( peak no. 11, Figure 1 ) detected in the heart blood of the forensic case 2 with chemical structures.
des-ethyl chlorfenvinphos and 2,4 dichloromandelic acid, according to studies by Hutson et al. (37) . The detection of CFVP metabolites in biological samples could not be accomplished in our cases because of the lack of reference compounds in the market.
Pesticides come in many different formulations because of variations in the active ingredient's solubility, ability to control the pest, and ease of handling and transport. Inert ingredients can be solvents, carriers, or any other compound, besides the active ingredient, that are intentionally added. Some adjuvants aid in the mixing of some formulations when they are diluted for application (44, 45). In the majority of the published papers involving pesticides formulations, the toxicological analyses ignore these "inerts". The composition of the pesticide formulations varies according to the manufacturer, and this could have a legal interest if the exact origin of the toxin is required. According to the GC-MS Guide to ignitable liquids, the TMBs mixture can be classified as aromatic products (ASTM Class 0.4) which are comprised, almost exclusively, of aromatic compounds in the range of C 6 -C 14 . Aliphatic and cycloaliphatic compounds are not present in significant amounts. The aromatic profile is different from that of gasoline, and differentiation is achieved by the composition in hydrocarbons and the absence of aliphatics that are notably present in gasolines (46) . TMBs were detected in high concentrations in blood and liver. In order to compare these results, data in the literature on mesitylene or other mixtures of TMBS is notably scarce or inexistent (47) . Only traces (, LOQ) were found in urine and vitreous humor in case 2. An explanation would be that death occurred quickly, and elimination had not yet begun. Another extraction method would have been required to analyze the metabolites (dimethylbenzymercapturic acid and dimethylhippururic acid) in urine (48) . We considered these analyses to be unnecessary in postmortem cases, although they have interest to occupational toxicology. Occupational exposure to the trimethylbenzenes at very high concentrations can result in narcosis (47) .
Conclusions
These are the first two cases we are aware of that provide an extensive and characteristic tissue distribution study of CFVP and TMBs. The proposed analytical method allows the simultaneous determination of a wide variety of pesticides and additives, including petroleum distillates suitable for their toxicological investigation in forensic and clinical cases. This is crucial to resolving poisoning cases in which the poisoning source is uncertain. Based on the autopsy findings, patient histories, and toxicology results, the forensic pathologists ruled that the causes of death were acute CFVP poisoning, and the manners of death were listed as suicide. Because of the paucity of CFVP analytical data, our two reports offer information that can help with the interpretation of results in additional forensic cases. 
